CRISPR-Cas9 is a versatile and powerful genome engineering tool. Recently, Cas9 ribonucleoprotein (RNP) complexes have been used as promising biological tools with plenty of in vivo and in vitro applications, but there are by far no efficient methods to produce Cas9 RNP at large scale and low cost. Here, we describe a simple and effective approach for direct preparation of Cas9 RNP from E. coli by co-expressing Cas9 and target specific single guided RNAs. The purified RNP showed in vivo genome editing ability, as well as in vitro endonuclease activity that combines with an unexpected superior stability to enable routine uses in molecular cloning instead of restriction enzymes. We further develop a RNP-based PCR-free method termed Cas-Brick in a one-step or cyclic way for seamless assembly of multiple DNA fragments with high fidelity up to 99%. Altogether, our findings provide a general strategy to prepare Cas9 RNP and supply a convenient and cost-effective DNA assembly method as an invaluable addition to synthetic biological toolboxes.
unsatisfied Cas9 nuclease cleavage activity, significantly limiting its widespread uses.
Herein, we attempt to establish a new co-expression system to efficiently prepare functional Cas9 RNPs. To achieve the goal, we generated a plasmid based on an engineered cold-shock vector pCold I 36 ( Fig. 1, Fig. S1 ) which prevents leaking expression of Cas9 at 37 o C which is for E. coli grown, while guarantees sustainable expression of Cas9 at 16 o C after adding IPTG. Meanwhile, sgRNA molecules were abundantly transcribed in vivo by E. coli's own RNA polymerases using a T7
promoter. According to the design, we hypothesized that the newly synthesized Cas9
and transcribed sgRNAs would be spontaneously self-assembled in E. coli cells to form complete Cas9/sgRNA complexes.
Fig. 1
An engineered cold-shock pCold I plasmid was harnessed to achieve co-expression of SpCas9 and sgRNAs in E. coli. The newly synthesized apo-Cas9
(yellow) and sgRNA (helical) are supposed to self-assembly to form a super-stable Cas9/sgRNA complex (blue) that can be readily purified.
To verify the hypothesis above, we firstly purified such Cas9 RNP by affinity purification using Ni-NTA column. The RNP showed an endonuclease activity capable of recognizing and cleaving target dsDNA in vitro (Fig. 2a) . There is no needs to add RNase inhibitors during the whole purification process. Conversely, a sufficient amount of RNase inhibitors are required to prevent degradation of sgRNAs when using traditional methods to produce Cas9 RNP. To the best of our knowledge, it is by far the simplest and cheapest way to produce Cas9 RNP. More surprisingly, the obtained RNP is super stable that maintained full enzyme activity when storing at 4 o C for three months, or at -20 o C for up to half a year in absence of RNase inhibitors (Fig.   2a ), leading to significant commercial development in future. To explain the high stability of RNP, we proposed that the sgRNAs transcribed in vivo might bind to pre-formed Cas9 tightly, thereby were protected from nuclease-mediated degradation.
Another explanation is that the low temperature for Cas9 expression may reduce
RNase activity in E. coli.
To characterize Cas9 RNP made in this way, we treated it with proteinase K to digest Cas9 enzymes followed by extraction of incorporated RNA molecules. The RNA electrophoresis gel assays resulted in two homogeneous bands, namely one band at 100 bp that contains RNA sequences identical to the corresponding sgRNA transcribed in vitro (Fig. 2b) , as well as the other band at 170 bp which includes sgRNA plus additional rrnB T1 terminator sequences (Fig. S2 ). It has been proven that 3'-extra RNA sequences of gRNA unaffected nuclease activity of Cas9 37 . In this study, we found that the Cas9 enzyme plus 170 bp sgRNAs extracted from Cas9 RNP in vitro, with 3'-extra rrnB T1 terminator sequence, has a full nuclease activity (Fig.   S3 ). Moreover, RNA-seq experiments verified that the sequence of incorporated RNA is in agreement with design ( Fig. S4) , proving that sgRNA can be precisely in vivo transcribed. The multiple PAM sites can also facilitate researchers to choose specific sites for molecular cloning in certain situations that restriction enzymes were forbidden. For instance, we cannot use a restriction enzyme if its recognizing sequence is present both in cloning DNA fragment and vector. Nevertheless, we do not have to worry about this issue when using Cas9 RNP, since there is a pretty low probability that the same 20 bp recognizing sequence both exists in cloning DNA and vector.
Specific cleavage of vectors by Cas9 RNPs instead of restriction endonucleases
To determine in vitro nuclease activity of Cas9 RNP, we cleaved plasmids ( were generally produced from 1 L of E. coli LB culture, which is over 10 4 fold than the yield of Cas9 RNPs in the previous work 34 . At present, we have established an efficient platform for readily producing highly active Cas9 RNPs as AREs for common molecular biology uses.
Single Cas9 RNP-based seamless DNA assembly
Nowadays, Gibson assembly (GA) (Fig. S5 ) has become one of the most broadly used methods for in vitro DNA assembly 33 . Though GA is fast and versatile, it is very expensive because it requires three enzymes including T5 exonuclease, Phusion DNA polymerase and Taq DNA ligase. Meanwhile, enzyme-independent cloning (EI) methods 43, 44 have been developed capable of assembling DNA fragments without any enzyme at low cost. In a typical EI cloning (Fig. S5) , the insert and linear plasmid assembled at over 15 bp nucleotides long homology regions through an E. coli repair or recombination event that is not fully understood. In this work, we employed EI cloning or an simplified GA termed T5 exonuclease assisted cloning invented by us (Fig. S5) to fulfill seamless assembly of DNA fragment(s) derived from Cas9 RNP cleavage. In accordance with previous reports [43] [44] [45] , we found that the efficiency of EI method drops sharply when the number of gene fragments is over three. So, the T5-assisted cloning is preferable when assembling three or more gene fragments. This method is pretty easy to follow since it only needs to roughly mix T5 exonuclease, gene fragment(s) and linear vector on ice for five minutes followed by transformation.
The gaps between the gene fragment(s) and linear vector will be repaired and eventually ligated to form a complete plasmid by enzymes in E. coli. Thus, the T5-assisted cloning is more cost-effective and convenient than GA, which has become a huge hit with the laboratories in our university. a. The data was given as "positive clones/total clones" by counting the number of clones from three independent experiments for each methods. The positive clones appeared orange color on the culture plates having both kanamycin and ampicillin. b.
The fidelity was calculated from observed phenotypes. The accuracy of clones were further verified by DNA sequencing through sending twenty clones of each plate.
The work flow of a typical three-fragment assembly was shown in Fig. 3 .
Accordingly, only a single Cas9 RNP was adopted to cleave donor and acceptor plasmids. To simply select monoclonal colonies from phenotypes, we choose three gene makers encoding green fluorescence protein (GFP), red fluorescence protein (RFP) and kanamycin-resistant protein (KR). If they were all correctly assembled, the three proteins will be formed resulting in orange colored colonies under ultraviolet light on culture plates ( 
Cas-Brick cyclic assembly
Bio-Brick standard was proposed early this century which employs EcoR I and Xba I cutting sites as the prefix sequence and Spe I and Pst I as the suffix sequence for hierarchical assembly 25 . However, it cannot be used for the construction of in-fusion proteins, due to an 8-bp scar between parts exist. Several other assembly methods therefore have been developed to solve the problem, such as BglBrick 46 , iBrick 47 and Strikingly, the method can be applicable to produce other programmable nuclease RNP such as Cpf1 (Cas12a) 52 and C2C2 (Cas13a) 53, 54 , thereby showing extensive commercial potentials in future. We have applied patents relating to the method, and believe that popularization of them will enable establishing high-throughput gene screening platforms as well as developing RNP-based reagents and vaccines.
In the second part, we firstly constructed a series of Cas9 RNPs to effectively cleave plasmids instead of broadly used restriction endonucleases. By far, we have completely replaced common restriction enzymes with the corresponding Cas9 RNPs for regular molecular cloning in our lab. In a word, researchers can utilize our method to produce any AREs according to their own requirements, which is especially useful for certain cases that restriction enzymes were not allowed. The easy-to-use Cas9
RNP is capable of cleaving any target dsDNA, unrealizing potential to revolutionize the practice of molecular biology well beyond genome editing. There are recently increasing needs for the precise DNA assembly with fast development of synthetic biology. The holy grail of DNA assembly was proposed to be a method that allows scarless, sequence independent, multi-fragment assembly of large DNA fragments at high efficiency and fidelity 45 . But to date, none of assembly techniques has been able to fulfill the ideal and each method has its own merits and defects that were summarized in Tab. 2. Here, we report a PCR-free DNA assembly method called Cas-Brick with enormous progress close to the ultimate goal. We harnessed Cas9 RNP to cleave plasmids for generation of DNA fragments and linear accepted vectors. The assembly routine can be easily designed at demand in a one-step or cyclic way.
Combined with a T5 nuclease-assisted cloning method, we achieved seamless assembling multiple DNA fragments up to 9 kilobases at high fidelity close to 100%.
The Cas-Brick is principally multiple-round cyclic, and the assembly efficacy is dependent on transformation efficiency of large DNA fragments. Our method also provides a simple platform for screening colonies, largely facilitating researchers in the field of metabolic engineering. Strikingly, T5 nuclease-assisted cloning method is more cost-effective and convenient compared to the broadly used Gibson assembly All in all, our Cas-Brick will be an invaluable addition to the synthetic biological toolboxes.
Methods
Construction of plasmids. The expression plasmid was constructed based on pCold (Takara) plasmid by replacing the original cspA promoter with a tac promoter, and by replacing the f1 ori with a T7 promoter. The spCas9 gene from pET-Cas9-NLS-6xHis (addgene plasmids#62933) and the specific sgRNA sequences were inserted successively, forming the plasmid Ptac-Cas9-T7-sgRNA as shown in RNA-sequencing. We extracted the incorporated sgRNAs from RNA electrophoresis gel by RNA extraction kit (NEB) and followed by two cycles of RT-PCR using primers in Balancer NGS Library Preparation Kit for small/microRNA. The library was gel-extracted on an 8% native PAGE gel and sequenced on an Illumina MiSeq.
